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Abstract 9 
Hydrothermal carbonisation (HTC) is a relatively new alternative for the management of 10 
sewage sludge that allows obtaining a HTC char (hydrochar) with a high heating value 11 
(≈22 MJ/kg). The aim of this work has been to study the anaerobic digestion of the liquid 12 
fraction generated as by-product during HTC (LFHTC) of dewatered sewage sludge, to 13 
get more value to the overall process. For this purpose, three different inocula: granular 14 
biomass from industrial reactors treating brewery and sugar beet wastewaters and a 15 
flocculent biomass from a full-scale digester of municipal sewage sludge at two initial 16 
inoculum concentrations (IC) (10 and 25 g COD/L) were tested. ANOVA test was applied 17 
to evaluate the ultimate methane yield for each IC. The effect was different for each 18 
inoculum studied: an increase from 10 to 25 g COD/L increased the methane yield by 19 
23% for brewery waste, achieving the highest value obtained (177±5 mL STP 20 
CH4/gCODadded), while declining to 99±2 mL STP CH4/gCODadded for sugar beet; it is not 21 
affected by the municipal sludge, yielding around 135 mL STP CH4/gCODadded. 22 
Therefore, among the inocula tested, brewery waste was the most appropriate for the 23 





Biochemical methane potential (BMP), dewatered sewage sludge, hydrothermal 27 
carbonisation (HTC), initial inoculum concentration (IC). 28 
 29 
1. Introduction 30 
Currently, farmland utilisation, incineration and landfilling are the main methods for 31 
sewage sludge biosolid (stabilised sewage sludge) disposal (Fytili and Zabaniotou, 2008). 32 
In the last decades, thermal valorisation of sewage sludge, including pyrolysis and 33 
gasification, has been gaining attention (Alvárez et al., 2015; Kokalj et al., 2017). 34 
Hydrothermal carbonisation (HTC) is a thermochemical process for converting organic 35 
feedstock with high moisture into a carbon-rich solid product (HTC char or hydrochar) 36 
with a higher heating value compared to the biochar produced from conventional 37 
carbonisation at similar temperatures (Kambo and Duta, 2015; Koottatep et al., 2016, 38 
Popov et al., 2016). This thermal process is performed under relatively low temperatures 39 
(180–375 °C) and auto-generated pressure for variable lengths (Pham et al., 2015), 40 
turning out to be an attractive option for dewatered sewage sludge (DSS) valorisation. 41 
The product from HTC of biomass is a slurry that can be separated into a solid and a 42 
liquid fraction. This liquid fraction (LFHTC) contains at least 15% of the initial carbon 43 
content (Broch et al., 2014) and can be used as potential source of chemicals or fuels 44 
through the biorefinery concept (Xiao et al., 2012). It can also be subjected to aerobic 45 
degradation (Eibisch et al., 2013; Ramke et al., 2009), wet air oxidation (Reza et al., 2016) 46 
or anaerobic digestion (Becker et al., 2014; Danso-Boateng et al., 2015; de la Rubia et 47 
al., 2018; Erdogan et al., 2015; Oliveira et al., 2013; Qiao et al., 2011; Smith and Ross, 48 
2016; Villamil et al., 2018; Weiner et al., 2016; Wirth et al., 2015; Wood et al., 2013), 49 




To establish the interest of using a given feedstock for anaerobic digestion, batch tests 52 
can be performed to determine the methane potential, i.e., the maximum methane quantity 53 
that can be potentially produced. To optimise anaerobic digestion, different parameters 54 
related to the substrate, the inoculum and the operating conditions need to be checked, 55 
with the inoculum source and the inoculum to substrate ratio (ISR) being the most 56 
relevant (Elbeshbishy et al., 2012; Pellera and Gidarakos, 2016; Raposo et al., 2011).  57 
 58 
The inoculum determines the initial activity of the microorganisms used for the test. 59 
Therefore, successful start-up and operation of anaerobic reactors require a seed sludge 60 
with a well-balanced microbial community (Oz et al., 2012; Steinmetz et al., 2016). 61 
During the process, it is expected that the microbial communities can adapt because of 62 
the growth of microorganisms under the specific digestion conditions and the substrate 63 
treatment (Rincón et al., 2011). Different inocula sources have been checked, including 64 
sludge from anaerobic digesters treating municipal or agro-industrial wastewater, animal 65 
manures and landfill leachate, among others (Córdoba et al., 2016; Foster-Carneiro et al., 66 
2007; Moreno-Andrade and Buitrón, 2004; Pereira et al., 2002; Rincón et al., 2011; 67 
Tabatabaei et al., 2010). 68 
 69 
Selection of the ISR is a determining issue for correct operation of anaerobic digestion. 70 
It depends largely on the substrate used, considering the potential amount of nitrogen 71 
ammonia and volatile fatty acids (VFA) produced from the hydrolysis of total Kjeldahl 72 
nitrogen (TKN) and the acidification of the organic matter, respectively (Elbeshbishy et 73 
al., 2012). Values of approximately 2 have been usually recommended (Alzate et al., 74 
2012; Pellera and Gidarakos, 2016; Raposo et al., 2011, Villamil et al., 2018), although 75 
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in some cases, lower values have been successfully used (Pozdniakova et al., 2012; 76 
Raposo et al., 2006; Sri Bala Kameswari et al., 2012). 77 
 78 
The aim of this work is to study the valorisation of the by-product (liquid fraction) 79 
generated from HTC of secondary dewatered sewage sludge. The hydrothermal 80 
carbonisation could be a very suitable process to transform dewatered sewage sludge into 81 
a peat-like material without pre-drying the biomass input, in a new concept for sewage 82 
management. The energetic balance is more favourable than for thermal alternative 83 
processes, converting biomass as a whole (Garlapalli et al., 2016; Kambo and Dutta, 84 
2015; Lucian and Fiori, 2017; Stemann et al., 2013). With the purpose of completing the 85 
process, the liquid fraction from HTC could be treated with the raw wastewater or co-86 
digested with the primary sewage sludge. The potential to produce methane of this liquid 87 
by-product separated from the hydrochar has been scarcely studied so far. Hence, a more 88 
in-deep study of the anaerobic digestion of the HTC by-product is required in order to 89 
evaluate the best conditions for optimizing methane yield. Batch tests have been carried 90 
out to determine the ultimate methane yield and the evolution of key parameters during 91 
the anaerobic digestion process, evaluating the influence of the inoculum source and their 92 
concentration. Thus, three inocula sources were compared: a flocculent sludge from an 93 
anaerobic digester treating the sewage sludge of a municipal wastewater treatment plant 94 
(MWTP) and two granular anaerobic sludges from a mesophilic upflow anaerobic sludge 95 
blanket (UASB) reactor treating effluents from sugar beets and from a mesophilic internal 96 
circulation reactor treating brewery wastewater. Two inoculum concentrations (IC) (10 97 
and 25 g COD/L) were tested for each inoculum, keeping constant the ISR at 2 (on the 98 





2. Materials and Methods 102 
2.1 HTC process 103 
HTC was performed at 208 °C in a 4 L ZipperClave® pressure vessel electrically heated 104 
using 1.5 kg of DSS (85% moisture) which was collected from a full-scale membrane 105 
bioreactor treating industrial wastewaters from a cosmetics factory. The operating 106 
temperature was reached at a heating rate of 3 °C/min and maintained for 1 h. The reaction 107 
was stopped by cooling with an internal heat exchanger using tap water. The slurry 108 
obtained (470 g of wet hydrochar and 530 g of LFHTC for each kg of wet material treated) 109 
was centrifuged (1400g for 1 h) by a SIGMA 3-16L centrifuge equipped with a fixed 110 
angle rotor (cod. 12159). The liquid fraction was recovered by filtration (0.45 µm) and 111 
was maintained at 4 °C to be used as substrate of the anaerobic digestion tests performed. 112 
 113 
2.2 Substrate and inocula seed for anaerobic experiments 114 
The main characteristics and composition of the LFHTC were as follows (given as 115 
average values of three determinations with standard deviations): pH: 5.1±0.1; soluble 116 
COD (SCOD): 95.5±0.4 g/L; biochemical oxygen demand (BOD5): 25.6±1.1 g/L; total 117 
solids (TS): 55.7±0.5 g/L, volatile solids (VS): 46.2±0.5 g/L; total organic carbon (TOC): 118 
42.6±0.9 g/L; and TKN: 8.7±0.1 g/L. The substrate was analysed by GC/MS and 119 
HPLC/RI. These analyses allowed identification of the presence of nitrogen-containing 120 
species (pyrazines and aromatic amines) and oxygenated aromatic compounds (phenols 121 




Three different inocula, collected from industrial full-scale anaerobic reactors operating 124 
under mesophilic conditions (35 °C), were used for the anaerobic digestion batch 125 
experiments: 126 
 Inoculum 1 (BW): Granular inoculum obtained from an internal circulation anaerobic 127 
reactor treating brewery wastewater.  128 
 Inoculum 2 (SB): Granular anaerobic sludge from an UASB reactor treating sugar 129 
beet effluents.  130 
 Inoculum 3 (MS): Flocculent anaerobic sludge from a sewage sludge digester of a 131 
MWTP.  132 
 133 
The main characteristics of the three inocula are collected in Table 1 (average values of 134 
three determinations with standard deviations). Substantial differences can be observed 135 
due to the substrate treatment and the reactor configuration of the full-scale facilities. 136 
  137 
2.3 Batch anaerobic experiments  138 
Anaerobic digestion runs were carried out batch-wise in 120 mL glass serum vials, filled 139 
with 60 mL of a suspension of inoculum, substrate and a basal medium with macro- and 140 
micronutrients, as described elsewhere (Rincón et al., 2011) following the 141 
recommendations of Holliger et al. (2016). The reaction medium was previously flushed 142 
with N2 for 3 min in order to achieve anaerobic conditions. Then, the vials were sealed 143 
with rubber stoppers and metallic crimps. The vials were maintained in a static incubator 144 
at mesophilic temperature (35±1 °C) and manually mixed on a daily basis. As indicated 145 
before, two IC values (10 and 25 g COD/L) were tested with each inoculum. Taking into 146 
account the above cited literature and previous studies developed with LFHTC (Villamil 147 
et al., 2018), an ISR of 2 (on the basis of COD) was chosen for experiments performing. 148 
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This ISR corresponds to 2.6 for BW and MS inocula and to 2.2 for SB one on a VS basis. 149 
All the experiments were run for approximately 40-45 days until no significant gas 150 
production was observed or less than 5% of the total produced (on the last day) (Holliger 151 
et al., 2016). 152 
 153 
Triplicate blank samples with no substrate were run to determine the background methane 154 
from the inocula and triplicate control experiments with starch (Panreac) were also 155 
conducted with each inoculum to verify their activity, and yields higher than 85% of 156 
theoretical (350 mL CH4·g-1 CODadded) were reached for the three inocula tried. For both 157 
IC tested with every inoculum, 9 batch runs were carried out. Six of them were sacrificed 158 
every one or two days initially and then weekly to follow the time-course of the anaerobic 159 
digestion process. The other three runs were used only for biogas measurements (volume 160 
and composition). 161 
 162 
2.4 Analytical methods 163 
The inocula were characterised by measuring the pH (using a model Crison 20 Basic pH 164 
meter), TS and VS according to the standard methods 2540B and 2540E (APHA, 1998). 165 
The total COD (TCOD) was determined following the method proposed by Raposo et al. 166 
(2008). TKN determination has been described elsewhere (Villamil et al., 2018). 167 
 168 
The liquid fraction from hydrothermal carbonisation, as well as the sacrificed samples 169 
(centrifuged and filtered through a 0.45 µm filter), were used to determine the following 170 
parameters: pH; partial and total alkalinity (PA and TA) by pH titration to 5.75 and 4.3, 171 
respectively (Jenkins et al., 1983); intermediate alkalinity (IA), defined as the difference 172 
between TA and PA; SCOD, using the closed digestion and colorimetric standard method 173 
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5220D (APHA, 1998); TOC, measured with an automatic analyser TOC-VCPN 174 
(Shimadzu); TKN; and TAN, determined by distillation and titration according to the 175 
standard method 4500E (APHA, 1998). Analyses of individual VFAs (C2-C4) were 176 
performed by HPLC/IR (Varian, Agilent Technologies, Santa Clara, CA, USA) (Rajhi et 177 
al., 2016). Identification of individual compounds from LFHTC was carried out by GC–178 
MS (CP-3800/Saturn 2200 using a Varian CP-8200 autosampler injector) (De la Rubia et 179 
al., 2018). The compounds were assessed using the NIST 2008 Library.  180 
 181 
Biogas and methane production were measured daily during the first 3 days and eight 182 
more times for the rest of the incubation period. Biogas production was determined by a 183 
manometric method (Rozzi and Remigi, 2004), measuring the pressure increase in each 184 
vial by an electronic pressure monitor (ifm, PN 7097). It was expressed at standard 185 
temperature and pressure (STP: 273 K, 1 bar). Biogas was subsequently exhausted to re-186 
establish atmospheric pressure. The gas composition (H2, CO2 and CH4) was determined 187 
by gas chromatography using a Bruker 450-GC (Goes, The Netherlands) coupled with a 188 
thermal conductivity detector (TCD) for H2 and CO2 and a flame ionisation detector (FID) 189 
for CH4 (Rajhi et al., 2016). Methane production was calculated by subtracting the amount 190 
of methane produced in the blank controls from the methane production of each batch 191 
reactor. 192 
 193 
2.5. Statistical analyses 194 
Methane yields were expressed as mean value ± standard deviation (average of three 195 
samples). Analysis of variance (ANOVA) was carried out using Origin software (version 196 
9.0). The significant of means values was determined by Fisher’s test. Fisher’s least 197 





3. Results and discussion  201 
Figure 1a shows the time-course of the pH during the anaerobic digestion of the LFHTC 202 
of sewage sludge. The initial pH for all the inocula ranged between 7 and 7.8 and 203 
increased during the anaerobic process to 7.5-8.1. As can be seen, this parameter is more 204 
affected for the IC, with higher values for experiments carried out at IC 2.5 and final 205 
values varying less than 0.1, than for the type of inoculum. Anyway, these pH values are 206 
compatible with the adequate growth of anaerobic microorganisms, including 207 
methanogenic Archaea (Franke-Whittle et al., 2014). The evolution of alkalinity (Figure 208 
1b) shows a fairly similar trend at each IC value, regardless of the inoculum source. In all 209 
cases, the alkalinity increased during the first 8-10 days and then remained almost 210 
constant for the rest of the experiment. In the IC 1 runs, alkalinity values of 1900-2100 211 
mg CaCO3/L were reached, while the values for IC 2.5 experiments ranged between 4000 212 
and 5400 mg CaCO3/L. The increase of alkalinity, clearer for IC 2.5 runs, must be due to 213 
the release of ammonia nitrogen and carbon dioxide upon the decomposition of the 214 
organic matter. This favours the buffer capacity of the system, as has been previously 215 
reported (Córdoba et al, 2016). The expected relationship between pH and alkalinity 216 
appears clearly.  217 
 218 
The evolution of TAN (Figure 1c) showed similar trends with the three inocula as those 219 
observed for pH and alkalinity. Percentages above 70% of TAN were released at the 8th 220 
day in all the cases, except for SB 2.5 run, which confirm the extent of the hydrolytic 221 
stage until that time. Values above 1700 mg N/L could inhibit the biogas yield and 222 
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promote high VFA concentrations (Franke-Whittle, 2014), although it was not achieved 223 
for any conditions assessed, only SB 2.5 run was close to this value. 224 
 225 
The lower initial alkalinity for the experiments with MS inoculum (compared with BW 226 
and SB ones) affected the pH of the corresponding runs, especially during the first 5 days 227 
(hydrolytic-acidogenic stage), related also to the increase of TVFA concentration (Figure 228 
2a). Figure 2 shows the time-course of TVFA (2a) and SCOD (2b), respectively. These 229 
parameters provide useful information on the performance of the anaerobic digestion 230 
process relative to the acidogenesis level (TVFA evolution) and the degradability of the 231 
substrate (SCOD reduction). In the case of TVFA, values in the range of 200-1000 mg 232 
COD/L were observed at IC 1 runs during the hydrolytic-acidogenic stage (first 5-8 d), 233 
while the final concentration were almost negligible for every experiment. Therefore, no 234 
intermediate products in the form of VFA were accumulated. These results are consistent 235 
with the trend observed for SCOD removal and with the IA/TA ratios that were 236 
maintained within adequate levels, between 0.19 and 0.29. However, certain amounts of 237 
SCOD remained at the end of the assays. This fraction of the non-removed COD can be 238 
associated with oxygen- and nitrogen-bearing aromatic compounds, generated during the 239 
carbonisation of the sewage sludge and identified in the initial LFHTC (Villamil et al., 240 
2018). As a representative example, Figure 3 depicts the GC/MS chromatograms of the 241 
initial and final samples from the SB at IC 1 experiment. Table 2 collects the assessed 242 
compounds and the corresponding removal percentages in the liquid phase from the IC 1 243 
runs with the three inocula used. Anaerobic digestion led to almost complete removal of 244 
the ketone (benzophenone) and aldehyde (4-methoxycinnamaldehyde) species present in 245 
the initial samples. Phenols and other oxygenated aromatics were partially removed, but 246 
a new phenolic compound (phenol, 2,4-bis(1,1-dimethylethyl)-) appeared as a 247 
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degradation intermediate. The starting LFHTC showed a high concentration of TKN, 248 
probably due to the presence of nitrogen-containing species such as pyrazines and 249 
aromatic amines (p-aminotoluene; pyrazine, 2,5-dimethyl; pyrazine, 2-ethyl-5-methyl-; 250 
pyrimidine, 4,6-dimethyl-; benzenamine, 3-methyl-; 4,5-dimethyl-ortho-251 
phenylenediamine), which showed different resistances to anaerobic degradation. This 252 
fact was more evident in the experiments carried out with BW inoculum, which upheld 253 
the highest final SCOD values (Figure 2b), with removal efficiencies between 58 and 254 
65%, while for SB and MS inocula removal efficiencies ranged between 78 and 90%. The 255 
different removal pattern of the organic compounds from the liquid phase could be related 256 
to biodegradation and/ or to sorption processes on the sludge, being the latest relevant in 257 
the removal of a number of organic compounds (toxicant/ inhibitors) previously to 258 
anaerobic biodegradation (Chen et al., 2014). 259 
 260 
Methane yield 261 
Incubation with different inocula resulted in dissimilar methane yields (mL STP CH4/g 262 
CODadded), as seen in Figure 4. SB and MS achieved the highest methane yields for the 263 
IC 1 runs, with 138±18 and 127±13 mL STP CH4/g CODadded, respectively. Meanwhile, 264 
with BW, the highest methane yield was obtained for the IC 2.5 run, with 177±5 mL STP 265 
CH4/g CODadded. The BW granular sludge gave the highest methane yields. Neves et al. 266 
(2004) and Rincón et al. (2011) reported better results with granular than with flocculent 267 
sludge for kitchen wastes and sunflower oil cake, respectively. De Vrieze et al. (2015) 268 
also recommended the use of granular sludge as inoculum because of its higher 269 
methanogenic abundance and diversity, which determines a higher activity compared 270 
with other kinds of inocula. The low yield reached with SB granular inoculum could be 271 
explained by its poor granulation. In addition, this inoculum has the highest TKN values, 272 
12 
 
releasing the highest concentration of TAN (see Figure 1c), the obtained value ≈1500 mg 273 
N/L is close to the considered as inhibitory as has been commented above. Additionally, 274 
SB presented the highest concentration of TS but the lowest percentage of VS (23.2%); 275 
therefore, the expected activity should be lower. In this way, the methane yield was 9 and 276 
35% higher in the 1 and 2.5 experiments, respectively, with MS and 14 and 79.5% higher 277 
with BW. Variation of the IC, which resulted in modifications of substrate concentration 278 
at a constant ISR, showed significantly different effects on the methane productivity, 279 
depending on the inoculum. Increasing the IC from 10 to 25 g COD/L improved the 280 
methane yield by 23% with the BW inoculum but decreased it by 22% with the SB one. 281 
However, the IC within the range tested did not affect the methane production rate with 282 
the MS inoculum, after an observed lag period. Significant differences of maximum 283 
methane yield were found for BW 2.5 run (p < 0.05), while the differences of this 284 
parameter were not significant (p > 0.05) for SB 1, BW 1, MS 1 and MS 2.5 experiments 285 
(Table 3). According to Table 3, SB 2.5 showed significantly lower methane yields than 286 
the other types of inocula or inoculum concentrations. The percentage of methane in the 287 
biogas was related to the inoculum, reaching up to 82, 73 and 62% with BW, MS and SB, 288 
respectively.    289 
 290 
Wirth et al. (2015) obtained similar methane yields to those of the current work with the 291 
liquid fraction from HTC of digested sewage sludge operating in continuous feed mode 292 
(120-180 mL CH4 STP/g CODadded). Meanwhile, Qiao et al. (2011) reported 256.7 mL 293 
CH4/g COD with the LFHTC of mixed sewage sludge. The anaerobic digestion of the 294 
LFHTC of several residues has been studied recently. The ultimate methane yields are 295 
affected by the raw residue nature and moisture and the carbonisation conditions 296 
(temperature and time). Values in the range of 175-300 mL CH4/g COD have been 297 
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reached with the LFHTC of stillage (Wood et al., 2013), orange pomace (Erdogan et al., 298 
2015), chaff (Weiner et al., 2016), and a mixture of polysaccharides, proteins, and lipids 299 
representing food waste (Posmanik et al., 2017). 300 
 301 
The results of methane yield from the experiments with the SB and BW inocula were 302 
fitted to a first-order kinetic model (Eq. 1) frequently applied to methane production from 303 
anaerobic digestion experiments (Elbeshbishy et al., 2012; Fernandez-Cegri et al., 2012; 304 
Pellera and Gidarakos, 2016; Posmanik et al., 2017; Raposo et al., 2011; Rodriguez-305 
Chiang and Dahl, 2015; Wang et al., 2015). The Gompertz model (Eq. 2) has been used 306 
for the MS experiments due to the initial lag-phase observed with this inoculum (De la 307 
Rubia et al., 2018; Park et al., 2017; Pellera and Gidarakos, 2016; Pozdniakova et al., 308 
2012; Ran et al., 2018; Shen et al., 2018) : 309 
G = Gm·[1 - exp (-k·t)]   Eq. (1)  310 
G = Gm·[1 - exp (-k·(t-λ)]                         Eq. (2) 311 
 312 
where G represents the cumulative methane yield at time t; Gm is the ultimate methane 313 
yield of the substrate tested, i.e., the final value when no more gas is released from the 314 
reactor; k is the specific rate or apparent kinetic constant; and λ is the extent of the lag-315 
phase (d). Origin software (version 8.0) was used to fit the experimental data to equations 316 
(1) and (2). Table 3 summarises the k values with 95% confidence, as well as the 317 
corresponding values of Gm and R2. The high values of the coefficient of determination 318 
R2 (> 0.96) and the low values of the confidence limits of the parameters show the good 319 
fit of the experimental data to the proposed models. An initial lag-phase was observed 320 
with MS inoculum, which could be related with their flocculent structure. In fact, an initial 321 
hydrolysis (cellular lysis) determined by the increase of SCOD was observed only for this 322 
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inoculum (Figure 2b), showing a very low methane yield until an acclimation period of 323 
5-7 days. Interestingly, after that period, methane rate production with MS inoculum was 324 
considerably higher than the obtained with SB and BW inocula. Actually, the highest k 325 
values were obtained for MS inoculum (≈0.29 d-1) while significantly lowest values were 326 




The results obtained in this study reveal the importance of the inoculum origin and 331 
structure for the treatment of the LFHTC of sewage sludge by anaerobic digestion. IC 332 
increase can improve the methane yield depending on the inoculum source. High COD 333 
removal efficiencies were achieved for each inocula studied and the methane yields were 334 
very dependent of the inoculum source. Among the three inocula tested, BW appears to 335 
be the best in terms of methane production, although the significantly lowest values of 336 
the kinetic constant reveal a slower digestion. Further research will be required to evaluate 337 
the co-digestion of this liquid by-product with primary sludge in order to integrate the 338 
HTC of sewage sludge in wastewater treatment plants. 339 
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Table 1. Main characteristics of the seed inocula.  
Inoculum 
source 






TKN      
(g N/L) 
BW 7.6±0.1 61.9±0.9 55.7±0.9 91.2±1.4 2.2±0.1 
SB 7.9±0.1 162.4±4.0 37.8±0.6 73.4±0.1 4.4±0.1 















Table 2. Removal/generation of chemical species upon anaerobic digestion of the liquid fraction from hydrothermal carbonisation of sewage sludge 






 BW MS SB 
Aldehydes      
4-Methoxycinnamaldehyde 12.9 14 >99 97 87 
Nitrogenated compounds      
p-Aminotoluene 3.4 1 n.d. 0 0 
Pyrazine, 2,5-dimethyl 3.5 2 0 23 88 
Pyrimidine, 4,6-dimethyl- 3.6 3 0 8 81 
Benzenamine, 3-methyl- 3.8 4 3 0 27 
Pyrazine, 2-ethyl-5-methyl- 4.9 5 0 32 61 
4,5-Dimethyl-ortho-phenylenediamine 6.4 7 0 9 37 
Oxygenated aromatics      
4-Isopropylcyclohexanone 5.7 6 n.d 38 78 
7H-Dibenzo(a,g)carbazole, 12,13-dihydro- 7.3 8 0 0 0 
Benzene, 1,2,4,5-tetramethyl- 7.6 9 0 40 39 
Phenol, 2,3,5,6-tetramethyl- 7.8 10 13 42 93 
Phenol, 2-methyl-6-(2-propenyl)- 9.2 11 >99 34 44 
Benzene, 1-methoxy-4-(1-propenyl)- 10.5 12 20 18 23 
Phenol, p-tert-butyl- 11.8 13 85 62 100 
Phenol, 2,4-bis(1,1-dimethylethyl)- 14.5 15 gen gen gen 
Benzophenone 16.6 16 99 99 87 
1,2,3,4,5,6-Hexahydro-1,1,5,5-tetramethyl-2,4a-methanonaphthalen 18.7 17 n.d. n.d >99 
1,2-Benzenedicarboxylic acid, butyl 2-ethylhexyl ester 20.0 18 0 0 13 
*with respect to peak area 
nd: not detected 
gen: generated 
 
Table 3. Values of the apparent kinetic constant (k), lag phase (λ) and fitted (Gm) and experimental (Gme) maximum methane yield. 





(mL CH4/g CODadded)  
R2 Gme  
(mL CH4/g CODadded) 
SB 1 0.196±0.016 - 121.6±3.3 0.974 127±13b 
SB 2.5 0.198±0.012 - 91.0±1.8 0.987 99±1c 
      
BW 1 0.043±0.009 - 165.3±17.2 0.966 144±1b 
BW 2.5 0.034±0.006 - 228.4±24.2 0.983 177±5a 
      
MS 1 0.302±0.047 5.19±0.39 124.0±4.9 0.969 138±8b 
MS 2.5 0.281±0.027 5.35±0.25 126.4±3.2 0.988 133±11b 
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Figure 2. Time-course of total volatile fatty acids (a) and soluble chemical oxygen demand (b) during the 
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Figure 3. GC/MS chromatograms of the initial and final samples of SB at IC 1. 
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